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Radio Afterglow Rebrightening: Evidence for Multiple
Active Phases in Gamma-Ray Burst Central Engines
Long-Biao Li1 • Zhi-Bin Zhang1,2,* • Jared Rice2
Abstract The rebrightening phenomenon is an inter-
esting feature in some X-ray, optical, and radio after-
glows of gamma-ray bursts (GRBs). Here, we propose
a possible energy-supply assumption to explain the re-
brightenings of radio afterglows, in which the central
engine with multiple active phases can supply at least
two GRB pulses in a typical GRB duration time. Con-
sidering the case of double pulses supplied by the cen-
tral engine, the double pulses have separate physical
parameters, except for the number density of the sur-
rounding interstellar medium (ISM). Their independent
radio afterglows are integrated by the ground detectors
to form the rebrightening phenomenon. In this Letter,
we firstly simulate diverse rebrightening light curves un-
der consideration of different and independent physical
parameters. Using this assumption, we also give our
best fit to the radio afterglow of GRB 970508 at three
frequencies of 1.43, 4.86, and 8.46 GHz. We suggest
that the central engine may be active continuously at
a timescale longer than that of a typical GRB dura-
tion time as many authors have suggested, and that
it may supply enough energy to cause the long-lasting
rebrightenings observed in some GRB afterglows.
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1 Introduction
Gamma-ray bursts (GRBs) are believed to be the
brightest electromagnetic events in the universe. These
transient events in gamma-rays are usually followed by
long-lived afterglows in X-ray, optical, and radio bands.
They were poorly understood until Feb 28, 1997 when
the first afterglow was detected (Groot et al. 1998),
and when GRB 970508 was the first burst with an ob-
served radio afterglow (Frail et al. 1997). The fireball-
shock model with synchrotron emission coming from
the forward shock of ejecta plowing into an external
medium is successful in explaining the main features of
GRB afterglows (see Me´sza´ros 2002; Piran 1999, 2005;
Rees & Me´sza´ros 1994; Zhang 2007; Zhang & Me´sza´ros
2004, for reviews). Within this framework, many the-
oretical models have been proposed to explain the
physical nature of GRBs and their afterglows. GRBs
are classified into two types, namely long GRBs and
short GRBs, according to the burst durations from
CGRO/BATSE (Kouveliotou et al. 1993), Swift/BAT
(Zhang & Choi 2008) and Fermi/GBM (Tarnopolski
2015a,b) in both observer and rest frames. Generally,
long GRBs should originate from the collapse of massive
stars (Woosley 1993; MacFadyen & Woosley 1999), and
short GRBs could be connected with the coalescence
of two compact objects (Narayan, Paczynski & Piran
1992; Gehrels et al. 2005; Nakar 2007). Interestingly,
the two types of bursts hold the consistent energy cor-
relation between peak energy and isotropic luminosity,
namely Liso ∼ E
1.7
p , which implies an origin of thermal
mechanism instead of single synchrotron radiation for
the GRB promopt emissions (Zhang, Chen & Huang
2012).
As more afterglows have been observed, especially
after the launch of Swift satellite in 2004, studying
afterglows has come into a new full-bandwidth era.
In the meantime, many unexpected and unusual phe-
nomena, such as rebrightenings in multiple bands,
2have been observed in afterglows (see Zhang 2007, for
a review). Rebrightening is an interesting behavior
among some GRBs. It was first discovered in the X-
ray and optical afterglows of GRB 970508 (Piro et al.
1998; Galama, Groot & van Paradijs 1998). It was
also discussed by Deng, Huang & Kong (2010) in ra-
dio bands recently. These rebrightenings are difficult
to explain by the standard fireball-shock model, since
they exhibit a more complex decay other than a simple
power-law. As discussed by some authors (Geng et al.
2013; Yu & Huang 2013; Yu et al. 2015), several in-
terpretations had been proposed to figure out the re-
brightenings, e.g. the density jump model (Dai & Wu
2010; Tam et al. 2005), the two-component jet model
(Huang et al. 2004; Liu, Wu & Lu 2008), the energy
injection model (Dai & Lu 1998; Huang, Cheng & Gao
2006; Geng et al. 2013; Yu & Huang 2013; Yu et al.
2015) and the microphysics variation mechanism (Kong et al.
2010).
The plateau and flares in the X-ray afterglows in-
dicate that the central engine of GRBs should be ac-
tive much longer than the prompt emission in gamma-
rays (van Paradijs, Kouveliotou & Wijers 2000; Zhang
2007; Lazzati & Perna 2007; Geng et al. 2013). It
had been pointed out that GRB pulses could re-
produce the temporal activity of the inner engine
(Kobayashi, Piran & Sari 1997; Daigne & Mochkovitch
1998; Nakar & Piran 2002; Zhang & Xie 2007a; Zhang et al.
2007b). Dermer (2004) found that GRB pulses were
useful for interpreting whether their sources require
central engines to be long-lasting or short-lived. In
addition, the ultra-long duration observed with mul-
tiple peaks would be related with the central engine
activity (Zhang et al. 2014). Laskar et al. (2015) mod-
elled the re-brightening episodes with energy injection
into the forward blastwave, and considered that the
phenomenon of energy injection is ubiquitous in long
GRBs, with rebrightening episodes likely due to ex-
treme injection events.
Many rebrightenings in X-ray and optical afterglows
have been studied, and radio observations are vital for
constraining the physical parameters. Therefore, in this
letter, we focus on rebrightenings in the radio band.
We assume that the central engine can produce at least
two pulses in a typical GRB duration time. Consider-
ing different sets of physical parameters, we simulate
four rebrightening instances of radio afterglows. Fi-
nally, we use our model to describe a specific burst,
GRB 970508. The dynamical model of GRB afterglows
and our energy-supply assumption are introduced in
Section 2. In Section 3, we present our numerical re-
sults. Our conclusions are given in Section 4.
2 Model
Based on the standard fireball-shock model, Huang et al.
(1998, 1999a,b, 2000a,b) proposed a dynamical model
describing the evolution of external shocks and GRB
afterglows. The dynamical model is characterized by
a system of four differential equations and is valid in
both the ultra-relativistic and non-relativistic (Newto-
nian) shock dynamical phase. Meanwhile, this model
takes the equal arrive time surface, the electron cooling,
and the lateral expansion into account. Many authors
have applied this afterglow model to interpret a num-
ber of multiple-band observations (e.g. Dai et al. 2005;
Huang, Dai & Lu 2000c; Kong et al. 2009; Wei & Lu
2002; Wu et al. 2004; Xu & Huang 2010; Geng et al.
2013; Yu & Huang 2013; Yu et al. 2015).
In fact, both the collapse of massive stars and the co-
alescence of two compact objects are continuous activ-
ities, and may be accompanied by sustained expansion
and contraction. According to van Paradijs, Kouveliotou & Wijers
(2000), Zhang (2007), Lazzati & Perna (2007) and
Geng et al. (2013), the central engines that provide
enough energy to produce GRBs may be active con-
tinuously at a timescale longer than that of a typical
prompt gamma-ray duration time. Hence, considering
the observed multiple peaks of prompt emission, we as-
sume that a central engine with multiple active phases
can supply multiple GRB pulses in a typical GRB du-
ration time.
Here we assume that there are two pulses supplied
by the central engine, and define the double-pulse to
be the first and second pulse respectively throughout
this letter. These two pluses constitute the total burst
in our observations. In addition, we also assume that
there is no direct connection between the two pulses.
They have separate physical parameters, except for the
number density of the surrounding interstellar medium
(ISM). According to Chandra & Frail (2012), the radio
afterglows which have been observed tend to occur in a
narrow range of surrounding ISM number density. At
higher ISM number density, synchrotron self-absorption
effects suppress the radio afterglow strength for a long
time. This may imply that radio afterglows need long-
time observations in order to be detected. Hence we
assume that for the two-step case, when the first pulse
sweeps up the surrounding ISM, the corresponding ex-
ternal shock will absorb a fraction of the ISM, which
attenuates the number density of the ISM surrounding
the source. This means that the light curves are likely
to show two peaks, which is called the rebrightening
phenomenon.
3101
102
103
101
102
103
100 101 102 103
101
102
103
100 101 102 103 100 101 102 103
(a)
(i)
(f)
(h)(g)
(e)(d)
(c)(b)
  
 
 
1.43GHz
 
 
 
 
4.86GHz
 
 
 
 
8.46GHz
 
 
Fl
ux
 D
en
si
ty
 (
Jy
)
 
1.43GHz
 
 
 
 
4.86GHz
 
 
 
 
8.46GHz
 
 
 
 
1.43GHz
 
 
 
Time Since Burst (days)
4.86GHz
 
  
 
8.46GHz
Fig. 1 Three rebrightening instances of radio afterglow light curves at a redshift z = 1.0. Every instance is displayed at
three radio bands 1.43, 4.86, and 8.46 GHz. In each panel, radio afterglow light curves of the total burst, first, and second
pulse are marked by solid, dotted, and dash lines, respectively. Panels (a) - (c) correspond to the first instance in Table 1.
Similarly, panels (d) - (f) correspond to the second instance, and Panels (g) - (i) correspond to the third instance. Detailed
parameter values used in the calculations are given in Table 1.
4Table 1 Physical Parameters of Particular Double-Pulses.
GRB Source Eiso γ0 θ0 n p ξe ξ
2
B
(1052ergs) (rad) (cm−3)
The First Rebrightening Instance
First pulse 6.0 300 0.15 65.0 1.9 0.20 0.15
Second pulse 0.5 100 0.15 1.0 2.1 0.10 0.05
The Second Rebrightening Instance
First pulse 2.3 300 0.13 63.0 2.2 0.20 0.15
Second pulse 4.8 100 0.08 1.0 2.1 0.10 0.05
The Third Rebrightening Instance
First pulse 1.1 300 0.15 65.0 2.1 0.20 0.10
Second pulse 0.5 30 0.15 1.4 2.1 0.10 0.05
The Radio Rebrightening of GRB 970508
First pulse 6.0 300 0.10 82.3 2.1 0.13 0.24
Second pulse 8.0 100 0.07 2.5 1.9 0.11 0.15
3 Numerical Results
For the purpose of simplicity, two pulses are assumed to
occur independently for a given GRB source. We cal-
culate the radio afterglow light curves of the two pulses
separately and add their emissions to get the total af-
terglow fluxes from the jetted outflows. Note that all
physical parameters of the two pulses used in the sim-
ulations are listed in Table 1, where Eiso is the initial
isotropic energy, γ0 is the initial bulk Lorentz factor, θ0
is the initial half-opening angle of the jet, n is the num-
ber density of ISM, p is the electron distribution index,
ξe and ξ
2
B are respectively electron energy fraction and
magnetic energy fraction. For simplicity, the radiative
efficiency is taken to be ǫ = 0 for a completely adiabatic
case. We also assume that the viewing angle between
the axis of jet and the line of sight θobs is zero. In the
meantime, we take a redshift z = 1.0. Note that the
number density of the ISM corresponding to the second
pulse is about one order of magnitude lower than that
of the first one, as shown in Table 1.
Figure 1 illustrates our numerical results at the ob-
served radio frequencies 1.43, 4.86, and 8.46 GHz by
applying the model presented in Section 2 and using
the physical parameters of the corresponding rebright-
ening instance in Table 1. In each panel of Fig. 1,
there are three light curves, corresponding to the radio
afterglows of the first pulse, second pulse, and the total
burst, respectively.
Fig. 1 (a) - (c) panels show the first rebrightening
instance; the total light curves show two peaks, with the
former peak lower than the latter one. At 8.46 GHz,
the time of these two peaks are ∼ 4.5 days and 47.3
days after burst, respectively. The corresponding flux
densities are 445 and 787 µJy. For the first instance,
an obvious rebrightening phenomenon can be observed
at 8.46 GHz. Note that the isotropic energy of the first
pulse is larger than that of the second one, so that the
peak of the first burst is higher than that of the second
one, which is more obvious at higher frequencies. It is
because the radio afterglow strength strongly depends
upon the kinetic energy of the burst (Chandra & Frail
2012).
Fig. 1 (d) - (f) panels show a different rebrightening,
which is that the former peak is higher than the latter
one. For the corresponding second instance in Table 1,
the isotropic energy of the first burst is smaller than
that of the second burst. At 8.46 GHz, the two peak
flux densities of the total burst are 1305 and 266 µJy
at ∼ 6 days and 45 days after burst, respectively.
The third instance is displayed in Fig. 1 (g) - (i)
panels at the three corresponding radio frequencies. In
each panel, the two peaks of the total light curves have
a similar height. For the observational frequency ν =
1.43 GHz, both peak flux densities are ∼ 30 µJy at 33.2
days and 208.4 days after burst, respectively.
Meanwhile, we use the energy-supply model to recal-
culate the radio afterglow light curve of GRB 970508
at 1.43, 4.86, and 8.46 GHz. GRB 970508 was the
first burst with an observed radio afterglow (Frail et al.
1997). Panaitescu, Me´sza´ros & Rees (1998) investi-
gated the rebrightening of the GRB 970508 afterglow
in X-ray and optical bands, and suggested that the re-
brightening may be due to energy injection by a long-
lived central engine. We compare the radio afterglows
of GRB 970508 (Frail, Waxman & Kulkarni 2000) with
our energy-supply model in Fig. 2. Note that the con-
tribution from the host has been taken into account,
and we assume that the host fluxes are respectively
120, 50, and 8 µJy at 1.43, 4.86, and 8.46 GHz. In
the third panel of Fig. 2, we find that the expected
total afterglow light curve is relatively consistent with
the observational data, especially in later times. How-
ever, our model does not match the data very well at
an early stage of 30 days after the burst because of a
larger fluctuation in observations. This rapid variation
is usually thought to be caused by interstellar scintilla-
tion when the source has an apparent diameter of less
than 3 micro-arcseconds (Schilling 2002), and should be
more obvious at lower frequency. It is valuable to point
out that the radio afterglow of GRB 980703, similar
to GRB 970508, have also suffered from the scattering
effect of interstellar plasma in our Galaxy (Kong et al.
2009).
4 Conclusion
Rapid rebrightening is an unusual phenomenon in
multi-wavelength GRB afterglows. In this letter, based
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Fig. 2 Comparing our model to the radio afterglow of GRB 970508 at 1.43, 4.86, and 8.46 GHz. Filled circles with error
bars are the observational data referred in Frail, Waxman & Kulkarni (2000). The dotted and dash lines stand for the first
and second pulse afterglow light curves, correspondingly. The solid line is the expected total afterglow light curve, which is
the sum of the calculated double-pulse afterglow light curves, after taking the flux densities of the host galaxy into account.
on the afterglow dynamical model (Huang et al. 1998,
1999a,b, 2000a,b), we propose a possible energy-supply
mechanism to explain the rebrightening of radio after-
glows. Generally, the central engine is considered to be
active for a longer time than the duration of the gamma-
ray prompt emission (van Paradijs, Kouveliotou & Wijers
2000; Zhang 2007; Lazzati & Perna 2007; Geng et al.
2013). Considering the multiple peaks shown in
gamma-ray band observations, the central engine may
have multiple active phases and supply two or more
GRB pulses in a short time interval. In the case of a
double-pulse, the first and second pulses are considered
to have little influence on each other. These two pulses
are assumed to have separate physical parameters ex-
cept for the number density of the surrounding ISM.
However, the two jets launched from the same central
engine may have some physical connection, for exam-
ple, the first jet with larger Lorentz factor would have
a narrower opening angle while the second jet could
have a wider opening angle. We argue that the num-
ber density of the ISM surrounding the second pulse is
thinner than that surrounding the first one. We present
three different rebrightening instances and redescribe
the light curves of the GRB 970508 radio afterglow at
1.43, 4.86, and 8.46 GHz, which shows a rebrightening
behavior. For the above three rebrightening instances,
their flux densities are in the observational range of
China’s Five-hundred-meter Aperture Spherical radio
Telescope (FAST), which is expected to be completed
in Sep. 2016 and will be the largest radio telescope in
the world. However, observational constraints of radio
afterglows are relatively rare. We expect that there will
be more rebrightening phenomena observed by FAST.
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